A study was made of the strength--ductility relationship in substitutional iron alloys with ca. 2at/0 Al, Si, Ti, Cr, Mn, Ni, or Mo at ambient and low temperatures. They were cold rolled and annealed to attain either recovered or partially recrystallized structure composed largely of Polygonized subgrains of 1 pm or less. It was shown that the deformation behavior in tension of these ultrafine grained iron alloys was characterized by a very small elongation due to the occurrence of plastic instability. It was found, however, that some species of solute elements manifested a remarkable effect of increasing the elongation, and furthermore, that the effect was filly maintained in the presence of Nb, which was added to retain high strength pertaining to recovered state as a result of its wellknown effect on retarding recrystallization.
In the authors' previous study7'8 concerning the strengthductility relationship in iron and its substitutional alloys, it was found that the specimens of small grain size (recovered, partially recrystallized, or completely recrystallized state of grain sizes less than ca. 20 pm) are susceptible to fracture by necking which takes place as soon as the yielding occurs, and that this unstable plasticity leads to very small elongation. Some authors have proposed9~ that the plastic instability occurs when the Luders strain becomes larger than the uniform elongation. According to this view, the condition for its occurrence is closely related to the factors which affect the occurrence of the Luders deformation.
This study has two purposes. The first is to explore the possibility of obtaining a valuable combination of strength and ductility by alloying. The second is to investigate various factors possibly affecting the Luders strain through the observation of slip lines and dislocations in the Luders band and to seek for methods of eliminating unstable plasticity.
II. Experimental Procedure

Materials
Chemical compositions of the alloys investigated are shown in Table 1 . They were melted in a vacuum induction furnace and deoxidized in a similar way as described in the previous report.8~ The concentration of solute atoms is ca. 2at% in each alloy.
In this study, the effect of Nb addition (ca. O.lwt%) was also investigated : Nb is expected to retard recovery and recrystallization. An Fe-0.1 %Nb alloy was prepared for a reference alloy.
The observation of slip lines on the surface of strained specimen and of dislocations in the Luders 
Transactions ISIJ, Vol. 21, 1981 bands was carried out with specimens which were annealed at sufficiently high temperatures to produce completely recrystallized state of a grain size larger than 20 tim. A transmission electron microscope (Shimadzu SMH-5B) was used at an operating voltage of 500 kV. The sheet tensile specimens with 30 mm gauge length, 4 mm width and 0.35 mm thickness were strained using an Instron-type machine at a strain rate of 3 x 10_4 sec-1. The stiffness of the machine was 3.8x 105 MN/m2.
Annealing Temperature Range for Producing Partially
Recrystallized Microstructures In Table 2 are shown the temperatures of transition in microstructure for 1 hr annealing of 90% cold-rolled specimens. Here, TT1 is the maximum temperature at which no obvious subgrain formation was observed under the electron microscope when annealing was conducted mostly at an interval of 100°C, and T2 is the temperature at which the fraction of recrystallization exceeded ca. 0.9. The grain size at T2 was measured using the optical microscope. Their values are also shown in Table 2 . It would be more appropriate to restrict the usage of the term "partially recrystallized state (PRS) " to the mixed structure of recrystallized grains at the stage of growth and the matrix of subgrains which were considered to be in the stage preceding the nucleation of recrystallization. In this report, however, microstructures obtained from T1 to T2 are all termed " PRS ", including the ones composed solely of subgrains.
The effect of Mo and Nb of retarding recrystallization is remarkable as indicated by the T2 values in Table 2 . However, as seen from Photos. 1 (a) and (b), there is a great difference in the appearance between them. In an Fe-3.5%Mo alloy, a number of suhgrains are formed. On the other hand, in an Fe-0.1 %Nb alloy the microstructure consists of a small number of large recrystallized grains and the matrix of almost the same appearance as the deformed state. This is reflected in the average grain size at 12. It was found that most of other alloys had the (a)-type structure. There seems to be a tendency of T2 decreasing on alloying except for Mo, Ti and Nb.
III. Results
Tensile Behavior
In Fig. 1 (x 104) (x4/5) ISIT, Vol. 21, 1981 ( 49) a similar manner to the well-annealed specimens. On the contrary, as the annealing temperature was decreased or the deformation temperature was lowered, necking took place earlier, suggesting that " the strength " of instability was increased.
Strength-Ductility Relationship
In Figs. 2 to 5, the elongation at which the load goes through maximum (this corresponds to the uniform elongation if and when the material exhibits normal tensile behavior) was plotted against the lower yield stress. In most cases, the elongation was larger than 0.2 if the tensile behavior was normal and was less than 0.01 when the plastic instability was intense.
In the figures the data points of annealing temperature from 400°C to 700°C are included; the symbols with solid underline mean that the annealing temperature T was higher than T2, whereas those with dashed underline mean that it was lower than T1, and the other marks free of underline represent that the annealing was conducted between T1 and T2. For Fe-3.5%Mo, Fe-0.1 %Nb, and Fe-0.1 %Nb-1 %Si alloys, the points for 400°C to 900°C are included.
As seen from Fig. 2 , the elongation of an Fe-1 %Si alloy at -196°C is far larger than that of Fe. This remarkable effect of Si on low temperature ductility was mentioned in the previous paper.7'8~ The addition of Ni or Al has little effect on ductility, both alloys exhibiting strong plastic instability at -196°C. The same is true with Cr or Mn. It should be noted, however, that the Fe-2%Mn specimen annealed at 700°C showed a large elongation at -196°C, the tensile curve of which was the one of homogeneous deformation. This will be discussed in a later section.
All the Fe-2%Ti specimens deformed homogene- 
Transactions ISIJ, Vol. 21, 1981 ously at 23°C and -196°C. At -196°C a fairly large elongation was observed. The Fe-3.5%Mo alloy exhibited a crooked relationship of strength and ductility. At 23°C the specimens annealed at a temperature lower than 700°C did not show the upper yielding, whereas those annealed at a temperature higher than that showed sharp yielding. At -196°C plastic instability occurred in all the specimens except for the one annealed at 900°C. Among them the specimen annealed at 700°C showed the strongest instability. No remarkable difference was found in microstructure that could explain such a great change in tensile behavior.
The Effect of Multiple Element Addition
As shown in Table 2 , the Fe-0.1 %Nb alloy has a wide range of temperature between T1 and T2. This is due to the well-known effect of Nb on the kinetics of recrystallization. Here, the effect of simultaneous addition of Si and Nb was investigated.
The results are shown in Fig. 6 . The Fe-0.1 %Nb-1 %Si alloy has a far larger elongation at -196°C than the Fe-0.1 %Nb alloy. The elongation of the latter was very small due to a strong instability. The effect of Si is remarkable even at 23°C.
By comparing Fig. 6 with Fig. 2 it may be found that Si is primarily responsible for the large elongation at -196° C irrespective of the presence of Nb, but Nb further improves the combination of strength and ductility in the presence of Si.
Iv. Discussion Figure 7 shows schematic diagram of characteristic tensile curves which appeared in this study. It is assumed that all curves have the same lower yield stress and the same uniform elongation (ALT). The curves can presumably be classified into a total of 5 types and to each can be assigned a relation between the Luders strain (&L) and su.
The types 1 and 1' appeared in the Fe-2 %Ti alloy. Most of the recrystallized specimens exhibited the type 2 behavior. On the other hand, most of the specimens of PRS were found to belong to the types 3 to 5. The type 3, in which eL=sU, is a critical case. While ~u does not depend very much on the alloys and the testing condition, EL varies with the grain size, the deformation temperature, the strain rate, and other conditions of deformation.l2>
Slip Lines in the Luders Band
Few attempts have been made to correlate eL to the mode of slip. However, the following discussion by H. Suzuki13~ gives a clue to this problem. Recalling that, for the formation of the Luders band, the original grain in which slip occurred first has to deform to a certain extent before slip occurs in the neighboring grain, he theorized that ~L should be large for the alloys in which cross slip or dislocation reaction or both, i.e., those kinds of dislocation motion which leads to the formation of dislocation sources, occurs readily enough so that the original grains can deform conforming to the constraint of the surrounding grains.
It is well known that in bcc iron alloys the critical resolved shear stress is different for different slip systems. From the observation of slip lines in single crystals of iron alloys, S. Takeuchi et al.14~ deduced that at low temperatures slip lines are mostly parallel to the traces of {110} plane (the slip on {112} plane is hindered) and that this tendency is strengthened in the presence of solute atoms.
Accordingly, if solute atoms are such that the oper- Vol, 21, 1981 (51) ation of certain slip systems are restricted, individual grains will not be able to conform to the constraint of the surrounding grains, and thereby the strain will be transmitted to the neighboring grain at the initial stages of deformation. In this circumstance, SL is expected to be very small. The present authors' study has shown that EL is smaller in the alloys than that in pure iron, especially at low temperatures.8> Photographs 2 (a) to (c) are optical micrographs of the surface in the Luders bands which formed at -196°C (after a 5% uniform elongation for the Fe2%Ti alloy). Contrary to the expectation, there seems to be no great difference between Fe and Fe-1 %Si alloy. However, in the Fe-2%Ti alloy slip lines are frequently continuous between the neighboring grains. This indicates that strains are readily transmitted across the boundaries. The homogeneous deformation can be construed as the limit of
That is, a numerous number of locally deformed regions widen in a very short time. Consequently, the above slip pattern is at least in qualitative agreement with the fact that the alloy deformed homogeneously.
Dislocations in the Luders Band
Photographs 3 (a) to (f) are electron micrographs of dislocations in the Luders bands formed in various iron alloys. It is seen that dislocations are tangled. At -196°C more uniform distribution is seen. Table 3 shows the dislocation density (p) and the dislocation multiplication constant (C) defined by the equation p = po+ CE where, po: the initial dislocation density.
In a well annealed condition po< 1068 cm-2. In Photo.
2. Optical 
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The measurement was conducted by the Ham's method. The relative error is ca. 70%, which is mainly caused by uncertainty of determining foil thickness. In order to compare the p value among different alloys, it is desirable to prepare specimens of the same grain size. Generally, the smaller the grain size, the larger is the dislocation density.16 The latter can be written as, p bM where, M: the mean free path (migration distance) of dislocation, b : the Burgers vector (C= (bM)-1). From this equation, M is calculated to be less than 5,..., 10 pm using the data of other authors.17~ Since the grain sizes in Table 3 are all larger than this value, the difference in the grain will be neglected, for the first approximation, for comparison of p. As is seen from Table 3 , while the constant C decreases for Fe, Fe-1 %Al and Fe-2 %Cr alloys as the deformation temperature is lowered, it remains approximately constant for Fe-1 %Si and Fe-2%Ti alloys. Thereby, at low temperatures the C of the latter becomes larger than that of the former.
There are numerous theoriesls-25) on the origin of the Luders deformation. Some authors26,27~ have proposed that the basic cause for the (Luders) deformation in iron is the strain softening stress-strain behavior resulting from the rapid dislocation multiplication and the stress dependence of dislocation velocity. The present authors28~ discussed the condition for the former of Luders band and plastic instability by applying the stable-unstable criterion in tension (minimum and maximum in load) to the stressstrain equation proposed by G. T. Hahn.26~ From this viewpoint, for the alloys of larger C, the minimum in load or Luders strain is realized at a small strain. This is consistent with the experimental fact that the alloys of small ~L at low temperatures show a large C.
The reason why the solute atoms cause the difference in C has not yet been investigated intensively. Precise observation of dislocation configuration such as the presence or absence of superjogs, or straightness of individual dislocations29,3o> will be needed to further the discussion.
A Fez Remarks on the Distribution of Interstitial
Atoms It is generally said that the distribution of interstitial atoms have a profound influence on the formation of Luders band.
The contents of C and N atoms in the present materials were ca. 100 and 50 ppm, respectively, and no carbides or nitrides were observed under the electron microscope.
It should be mentioned that the deformation of type 1' in Fig. 7 exhibited by the Fe-2 %Ti alloy is probably due to the so-called scavenging effect of Ti in iron.31~ Nb and Mo are also considered to have a strong affinity to interstitial atoms. However, all the specimens of the Fe-0.1 %Nb and Fe-3.5%Mo alloys annealed at temperatures from 600° to 900°C showed sharp yielding.
Si is said to retard the carbide precipitation in iron.32) However, it has little influence on tensile behavior. The same is the case with Al, which has a strong tendency to form A 1 N.
In III. 2, it is mentioned that the Fe-2%Mn specimen annealed at a high temperature showed homogeneous deformation (type 1'). Contrary to Si, Mn is known to expedite carbide precipitation,32~ and thus reduces carbon in solution. However, this effect of Mn is not confined to high temperatures. Photograph 4 shows a r particles precipitated in a recrystal- Photo.
4, r particle precipitated in the interior of recrystallized grain in Fe-2 % Mn alloy 90% cold rolled, annealed for 1 hr at 800°C. (x 12 000) (x 9/10) lized ferrite grain (in other areas, mostly at grain boundaries). They are transformed into martensite on cooling to room temperature. These r particles are anticipated to act as a sink for C and N atoms. As a result of this, it may be that the interstitial atoms have been removed from the ferrite matrix. In the Fe-2 %Ni alloy which has a similar two phase region, r precipitation was not observed. Hence, the deformation might be in the type 2.
V. Conclusion
(1) Substitutional iron alloys having a recovered structure or a partially recrystallized structure, which is a mixture of small recrystallized grains of several microns and subgrains of submicron size, mostly exhibit unstable plasticity in tensile test.
(2) Some alloying elements such as Si or Ti have a remarkable effect of improving ductility in iron having such polygonized ultrafine structure through suppressing the occurrence of plastic instability.
(3) This effect is not destroyed in the presence of other solute atoms, such as Nb. Rather, a more valuable combination of strength and ductility will be attained by multiple addition.
(4) Ti and Mn, which are capable of " effectively removing " interstitial atoms from the matrix, decrease the inhomogeneity of deformation. However, the improved ductility observed in this study was not solely due to this effect.
(5) A correlation was found between the dislocation multiplication constant and the capability of suppressing plastic instability, the true cause of which is yet to be determined by further investigation. Transactions ISIJ, Vol. 21, 1981 ( 53) 
